Quantitative small-animal PET of mice requires successful delivery of radiotracers into the venous system. Intravenous injection of radiotracers via lateral tail veins is the most commonly used method of administration and can be technically challenging. Evaluation of the quality of an intravenous injection is necessary to determine whether small-animal PET is quantitatively accurate. The purpose of this study was to evaluate and compare the quality of 50 consecutive intravenous injections into mouse tail veins using both quantitative and qualitative methods. Methods: During 18 F-FDG intravenous injection, qualitative assessment of the injection was performed and classified according to specific criteria as good, intermediate, or poor. Small-animal PET scans of the body and tail were acquired, and tail injection sites were quantitatively assessed in terms of percentage injected dose per gram and classified as low, medium, or high uptake of 18 F-FDG. Qualitative and quantitative methods were compared. To assess baseline amounts of 18 F-FDG in the tail without a tail injection, 3 additional mice were injected by the intraperitoneal method, imaged, and quantitatively assessed in the same manner. The in vivo imaging data were validated on 7 additional mice by sacrificing them after scans, removing their tails, rescanning the tails, and then measuring the tail radioactivity ex vivo in a g-counter and correlating it with the in vivo amount. Results: Validation of in vivo imaging to ex vivo data yielded an excellent correlation, with an r 2 value of 0.95. Comparison of qualitative and quantitative methods yielded 45 matching results (42 good and low, 2 intermediate and medium, and 1 poor and high). There were 5 cases of mismatching results (1 false-negative and 4 false-positive) between qualitative and quantitative methods. Low-uptake tail injections were comparable to the intraperitoneal injection values. Using qualitative methods, accuracy was true 90% (45/50) of the time. The overall rate of successful intravenous injections was 92% (46/50) using quantitative methods. Conclusion: Qualitative assessment is all that is necessary if the intravenous injection is classified as good. In intermediate, poor, or uncertain classifications, a scan of the tail should be performed for quantitative assessment.
The use of small-animal PET for molecular imaging in mice for preclinical research has been shown to be a valuable tool and is gaining increased use in many fields such as oncology, neurology, cardiology, and drug development (1) (2) (3) (4) (5) . Small-animal PET imaging of mice almost always requires delivery of the radiotracer into the venous system. To acquire quantitatively accurate small-animal PET images that can be used to measure uptake of radiotracer and response to various treatments, successful administration of the radiotracer is necessary.
There are 3 main methods of radiotracer administration into mice: intraperitoneal, retroorbital, and intravenous. Each has advantages and limitations. With intraperitoneal methods, the advantages are that it is relatively easy to perform and quick, as little preparation is required. Intraperitoneal methods can be performed with the mouse both awake and under anesthesia. 18 F-FDG has been administered via the intraperitoneal method, and after 60 min of uptake there is little difference in the image biodistribution of the 18 F-FDG between intraperitoneal and intravenous methods (6, 7) . However, there can be poor intraperitoneal injections 10%-20% of the time (8, 9) if the injection is made erroneously, such as directly into the bowel (9) . Because these poor intraperitoneal injections are not always immediately recognized, they may lead to outlying results, which may distort or invalidate statistical analysis (9) . The main limitation of the intraperitoneal method is that it is dependent on the pharmacokinetics of the radiotracer; thus, many radiotracers other than 18 F-FDG cannot be used with this method. Intraperitoneal methods are also not as useful for dynamic imaging, depending on the pharmacokinetics of the radiotracer.
The retroorbital method (10, 11) is also relatively easy to perform and quick. However, because it has the limitation of having to be performed while the mouse is under anesthesia, anesthetic effects (12) (13) (14) may limit the study. It is also technically difficult to perform dynamic imaging while injecting retroorbitally (10) , and finally, this method is not approved by animal care committees in many institutions, including our own. Thus intraperitoneal and retroorbital methods are not as frequently used, and intravenous injection of the radiotracer via the lateral tail vein is the most commonly used method of administration (11) .
Advantages of intravenous methods are that they can be used for dynamic imaging and are not dependant on the pharmacokinetics of the radiotracer. Intravenous methods can be performed with the mouse either awake or under anesthesia; however, because of vasoconstriction, the blood flashback may not be visible under anesthesia. There are at least 2 different techniques for intravenous methods, each having advantages and limitations: direct injections and injections using a needle catheter and tubing. Direct injection commonly uses a 1-mL insulin syringe with a 28-to 29-gauge (Ga) hubless needle. The advantage of this technique is that the residual amount of radiotracer left after injection is small because there is little dead space in the syringe and needle. Also, direct injection can be performed by 1 person. A limitation of this technique is that there is not always a visible blood flashback to confirm the location of the needle inside the vein. Consequently, if the needle is not inside the vein when the infusion is started, some of the radiotracer will be infused interstitially into the tail until the injector notices increased resistance and stops the infusion. At this point it may be too late, as some of the radiotracer is interstitial and depending on how much, the small-animal PET scan may not be quantitative.
At our institution, most injections are performed using a 30-Ga needle attached to microtubing as described by Toyama et al. (12) . The advantage of this technique is that it demonstrates a visible blood flashback into the microtubing when the conscious mouse is injected and the needle is inside the vein. If not inside the vein, there will be no blood flashback and the needle can then be repositioned or reinserted in another location until a visible blood flashback occurs. Then, infusion of a small volume of heparinized saline can be used to confirm venous access by visible flow in the vein and lack of resistance, before the radiotracer is administered. After infusion of the radiotracer, the tubing line can be flushed with an additional minimal volume of heparinized saline and a final check for a blood flashback can be performed to validate that the needle is still in the vein, thus indicating successful administration of the radiotracer. A limitation of this technique is that the residual amounts of radiotracer left in the tubing and in the hub of the syringe are higher than those for the direct injection technique. However, this limitation can be compensated for by starting the infusion with a slightly higher amount of radiotracer. Another drawback is that 2 people are usually needed to perform the injection, as 1 person holds and stabilizes the mouse tail with the needle catheter in place while the second person attaches the syringe with the radiotracer to the tubing line.
Regardless of which intravenous method is used, successfully administering radiotracers into the small and fragile lateral tail veins of conscious mice can be technically challenging (10) . Injection errors are often not recognized and can lead to misadministration of the radiotracer into the interstitium, which can negatively affect the outcome of the preclinical research (9, 15) . The frequency and degree of errors, even with experienced staff, are often underestimated (15) and can be a limiting factor in obtaining useful data from mouse small-animal PET. Therefore, evaluation of the quality of an intravenous injection as either successful or interstitial is necessary to determine whether the resulting small-animal PET scan is quantitatively accurate.
The intravenous injection can be evaluated with either quantitative or qualitative methods. A quantitative assessment requires a scan of the injection site and measurement of the amount of radiotracer, whereas a qualitative assessment is based only on observations during the injection.
The purpose of this study was to quantitatively and qualitatively evaluate and compare the quality of 50 consecutive 18 F-FDG intravenous injections in mouse tail veins using a 30-Ga needle catheter.
MATERIALS AND METHODS

Mice
Mice originally used for various oncology studies were analyzed. These studies were all approved by the animal care committee at our institution. The mice used were either normal controls or mice with various tumors in different locations. Mice were prepared the day before scanning by administering 1.5-2 mL of saline subcutaneously to ensure they were hydrated. They were then kept fasting (water access allowed) for a minimum of 6 h, and their cages were warmed to approximately 35°C 30 min before injection. The needle catheters were prepared inhouse by cutting 30-Ga needles and then inserting the cut end into 15 cm of polyethylene 10 tubing (12) with a blunt 30-Ga Luer-lock hub at the end for attaching a syringe with either heparinized saline or radiotracer. The conscious mice were placed in a restrainer, and then the needle catheter was inserted into a lateral tail vein as previously described. Placement of the needle inside the vein was confirmed by infusing a small volume (20-30 mL) of warmed (approximately 35°C) heparinized saline. Mice were then injected with 170 mL containing 2-9 MBq of 18 F-FDG over 20-30 s. An additional 40 mL of heparinized saline was used to flush the tubing line after radiotracer infusion. All injections in this study were performed by the same person. Tail-vein injections were evaluated both quantitatively and qualitatively on 50 consecutive 18 F-FDG small-animal PET scans.
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Qualitative Assessment
During intravenous injection, the injection was qualitatively assessed, classified, and recorded as good (no resistance during infusion, blood return after injection, and no tail blanching), intermediate (mild or no resistance during infusion and no blood return after injection, and/or mild blanching of the tail), or poor (significant resistance, no blood return, and significant tail blanching). Also recorded was the location of the injection site on the tail, for example, one third of the way down from the base of tail. After injection, the mice were anesthetized with approximately 1.5% isoflurane and kept in a temperature-controlled chamber at 35°C for a 60-min uptake period.
Quantitative Assessment
After injection, the syringes and tubing line with residual radiotracer were measured in the dose calibrator to determine the net injected amount of radiotracer at injection time. After the uptake period, a 10-min small-animal PET scan of the body was performed, followed immediately by a 2-min scan of the injection site in the tail. The tail was curled to ensure visualization of the entire tail in 1 field of view. All images were acquired using a Focus 220 micro-PET scanner (Siemens Preclinical Solutions). The scanner was cross-calibrated to the dose calibrator by imaging a known source of 18 F and determining a quantification calibration factor. Body and tail images were reconstructed using 3-dimensional ordered-subset expectation maximization and a maximum a priori iterative method with no attenuation correction. Using Inveon Research Workplace software (Siemens), 3-dimensional regions of interest (ROIs) were manually drawn over the images of tail injection sites according to the locations that were recorded. The length of the ROIs varied according to the size of the injection site. When no obvious injection site was visible in the small-animal PET image, the ROI size was less than half the length of the tail. The width of the ROIs corresponded to the width of the tail and measured between approximately 2.6 and 3.6 mm. Examples of the proximal and distal limits of the ROIs are shown in Figures 1-3 . From these ROIs, mean-and maximum-voxel values 6 SD of the percentage injected dose per gram (%ID/g) were determined. The quantitative values were then averaged over the number of mice in each of the 3 qualitative classifications to obtain average mean-and maximum-voxel values.
To assess baseline amounts of 18 F-FDG in the tail without a tail injection, 3 additional mice were injected by the intraperitoneal method and, after 60 min of uptake, a body scan was followed by a 2-min tail scan. The tail of each intraperitoneally injected mouse was quantitatively assessed in the same manner, 3 separate times, and then an average ROI mean-and maximum-voxel value was determined.
Validation of Imaging Data
To validate the in vivo imaging data, 7 additional mice were sacrificed after the body and tail PET scans were obtained. Their tails were removed and then scanned again to obtain image-derived amounts of total radioactivity (kBq) in the tail. The tails were then weighed, and the total radioactivity (kBq) ex vivo was measured in a g-well coun- and intravenous (B) methods on small-animal PET maximumintensity-projection images of body and tail, with proximal and distal limits of ROI indicated in yellow. For intraperitoneal method, mean-voxel is 2.6 %ID/g and maximum-voxel is 9.6 %ID/g. For intravenous method, mean-voxel is 2.9 %ID/g and maximum-voxel is 9.9 %ID/g. ter that was cross-calibrated to the dose calibrator, to correlate with the image-derived amount of radioactivity.
Data Analysis
For the comparison of qualitative to quantitative assessments of injections, the statistical diagnostic parameters of sensitivity, specificity, positive and negative predictive values, and accuracy were calculated.
To validate the imaging data, the image-derived radioactivity (kBq) in the tail was correlated with the ex vivo radioactivity (kBq) measured in the g-well counter, and a correlation coefficient r, as well as the r 2 value (coefficient of determination), was calculated.
RESULTS
The average weight of all intravenously injected mice in the study was 20.4 6 1.8 g, and the range was 15.0-23.5 g. The average time for tail scans was 74.3 6 1.6 min after injection. Validation of the in vivo imaging data for total radioactivity in the tail yielded an excellent correlation with the ex vivo g-well counter data, with an r 2 value of 0.95 as illustrated in Figure 4 .
Example images and the quantitative values of good intraperitoneal and intravenous injections are displayed in Figure 1 . The quantitative data for baseline amounts of 18 F-FDG in tails of intraperitoneally injected mice are listed in Table 1 .
The 50 quantitative assessments of 18 F-FDG tail injection sites revealed 3 distinct ranges of ROI mean-voxel %ID/g corresponding to low (,5), medium (5-20), or high (.20) 18 F-FDG uptake. Furthermore, low uptake compared closely with the baseline amounts of 18 F-FDG in the tails of intraperitoneally injected mice: 3.0 6 0.7 %ID/g for average mean-voxel, with a range of 2.2-4.4 %ID/g. Low uptake was then considered to be a successful injection, whereas medium and high uptakes were considered interstitial injections. Table 2 summarizes the intravenous injection evaluation and classification data for both quantitative and qualitative assessments for all 50 mice.
Quantitative assessment was set as the gold standard; therefore, low uptake of radiotracer or a successful injection was considered a negative result, whereas medium and high uptakes, which are consistent with interstitial injections, were considered a positive result. If the qualitative assessment classification did not match the quantitative classification, it was a false result. Figure  2 , and Figure 3 demonstrates the 1 false-negative case (Fig.  3A) and an example of the 4 false-positive cases (Fig. 3B) .
Using qualitative assessment, the sensitivity was 75% (3/ 4), specificity was 91% (42/46), and accuracy was 90% (45/ 
DISCUSSION
In this study, 2 different methods of assessing the quality of intravenous injections were evaluated and compared: a quantitative method requiring a scan of the tail with subsequent determination of the amount of radiotracer at the injection site, and a qualitative method based only on the observations at the time of injection. Each method has advantages and limitations. The quantitative method is objective (16) and potentially more accurate. In this study, the tail scan and quantitative values were considered the gold standard in the evaluation of the quality of intravenous tail injections. One limitation of this method is that it is more complex and time-consuming, requiring an additional tail scan as well as data analysis. Another limitation is that classification of the mean-voxel %ID/g for tail injection sites into categories such as low, medium, and high is dependent on the radiotracer used, in this case 18 F-FDG. These values are not necessarily transferable to other radiotracers.
The qualitative method is simple and requires no additional scans or data analysis. It is also faster, as the result is known immediately at the time of injection. Another advantage of this method is that it is independent of the radiotracer injected, unlike the quantitative method. Limitations of a qualitative method are that it is subjective (16) and there is potentially a higher degree of uncertainty about the accuracy. To compensate for the subjective nature of a qualitative method, specific criteria were developed for the classification categories of good, intermediate, and poor.
The 2 methods were compared to determine whether the qualitative method could replace the quantitative method (based on a tail scan), and 5 mismatching results were found: 4 false-positive and 1 false-negative. Only 1 of the 50 mice had a false-negative classification of a good injection (Table 3) when both the tail scan and the quantitative value (mean-voxel, 6.0 %ID/g) indicated an interstitial (medium uptake) injection (Fig. 3A) . The reason for this error is unclear; perhaps it was due to the subjective nature of the qualitative assessment.
There were 4 false-positive cases in which qualitative classification indicated intermediate injections. However, tail scans showed only mild areas of uptake, and quantitative values indicated low uptake of radiotracer and thus successful injections (Table 2 ). These findings seem to imply an overly sensitive qualitative assessment classification that errs on the side of caution. However, this can be quite useful, as the qualitative result provides immediate feedback and could thus trigger further investigation with a tail scan for quantitative assessment in cases in which the injection quality is intermediate, poor, or uncertain. An example of a false-positive case in Figure 3B demonstrates an area of mild 18 F-FDG increase at the injection site compared with a good intravenous injection site (Fig. 1B) . The mean-voxel uptake value from Figure 3B is within the range of values for intraperitoneally injected mice (Table 1) ; the maximum-voxel uptake is above the intraperitoneal maximum value but well below the maximum value for medium-uptake injections (Table 2) . A possible explanation for these 4 false-positive cases is that the intravenous injection was initially partially interstitial but the 18 F-FDG was either partially or fully reabsorbed back into the venous system over the 60-min uptake period. Such an explanation may account for the slightly elevated average mean-voxel value of these 4 false-positive cases as compared with the average mean-voxel value for the 42 low-uptake injections (Table 2) . Despite this difference, these 4 mice were considered to have received successful injections. These injections also compared well with the average mean-voxel values of the intraperitoneally injected mice. For the 2 mice with qualitative intermediate and quantitative medium uptake, the qualitative observation stated that toward the end of the 18 F-FDG infusion the tail started to blanch. This statement suggests that either the needle was moving out of the vein or perhaps the mouse moved its tail during infusion. If the 1 false-negative scan (Fig. 3A) with a mean-voxel %ID/g of 6.0 and a maximum of 33.6 %ID/g is included with these 2 intermediate injections, the new average mean-voxel value for medium-uptake injections becomes 7.6 6 3.3, and the maximum becomes 41.2 6 16.0 %ID/g. These are substantially higher than the average mean-and maximum-voxel values for both the 42 low-uptake intravenous injections and the 4 false-positive scans (Table 2) , indicating a distinctly different classification quantitatively.
The only mouse in the study with an intravenous injection demonstrating a qualitative classification of poor (quantitative analysis yielded mean-voxel, 28.4 %ID/g; maximum, 169 %ID/g) was also, at 15.0 g, the smallest mouse. The observation during injection was that half-way through the infusion of 18 F-FDG, the tail started blanching and resistance increased, and the infusion was stopped. This observation may have been related to the small size of the mouse and tail vein.
The validation of our imaging method using 7 additional mice with comparison to the g-well counter method demonstrated an excellent correlation, further supporting the quantitative accuracy of the imaging results for the 50 consecutive mice.
In summary, the comparison of qualitative to the gold standard quantitative assessment had a specificity of 91% and a negative predictive value of 98%. These high values indicate that for an intravenous injection, a qualitative classification of good using our criteria is likely to be a true result, and further tail scans and quantitative assessments thus are not required.
This study raises the question of whether the effect of an interstitial injection can be corrected. In theory, correction is possible if the total amount of radiotracer in the tail injection site is measured and the baseline amount of radiotracer in the tail (distal to the injection site) is subtracted, yielding the net interstitial amount. This can then be corrected to the injection time and subtracted from the original net injected radiotracer to obtain a corrected (lower) net injected radiotracer amount. This corrected net injected radiotracer can then be used to correct the %ID/g values of areas of interest such as a tumor.
Another question arising from this study pertains to the difference between qualitative intermediate and poor injection classifications. Qualitatively, a classification of an intermediate intravenous injection indicates a possible problem with the injection, whereas a poor intravenous injection indicates a definite problem.
Quantitatively, there appears to be a significant difference between the %ID/g values for the 3 medium-uptake injections and the 1 high-uptake injection. However, the fact that there was only 1 case of a high-uptake injection makes comparison difficult.
With regard to interstitial injections, an interesting practical question arises: Is there a level of 18 F-FDG uptake in the tail that indicates when the small-animal PET body scan is not quantitatively accurate? It is difficult to determine such a level because there were only 3 medium-and 1 high-uptake cases of 18 F-FDG in this study; further data are required. Even if such a limit for 18 F-FDG were established, it would not necessarily be applicable to other radiotracers as it would depend on specific absorption kinetics and pharmacokinetics. Although no limit was established, the high amount of 18 F-FDG in the tail (Fig. 2B) of the 1 poor qualitative injection seems to invalidate any attempt to quantify 18 F-FDG uptake in this mouse. In comparison, a qualitative classification of intermediate uptake or a quantitative classification of medium uptake may still be useful for quantification of the body scan.
A limitation of this study is that 1 of the 3 specific criteria used for the qualitative classifications (blood return) is dependent on our intravenous technique using the 30-Ga needle catheter. The other 2 criteria used for qualitative classification-resistance during infusion and tail blanching-could be used with any method of intravenous injection.
The overall results of this study demonstrate a successful intravenous injection rate of 92% using 30-Ga needle catheters. This success rate is higher than that reported for a previous study that used a direct injection method (15) .
The implications from this study can be applied beyond 18 F-FDG to any radiotracer used in mouse small-animal PET. Our institution has proceeded to implement this procedure with other radiotracers. For example, if a mouse is intravenously injected with 39-deoxy-39-18 F-fluorothymidine and the qualitative assessment of the injection is classified as good, then a further scan and quantitation of the tail injection site is not performed. On the other hand, if the qualitative classification is not a good injection, then a tail scan with quantitative assessment is performed.
Quantitative and qualitative methods are complementary to each other, as our and other results (16) suggest. The qualitative method can be used first, to screen whether the quantitative method is then needed, and this approach is perhaps better than each method used on its own.
CONCLUSION
A qualitative assessment of an intravenous tail injection is all that is necessary if the intravenous injection is classified as good using our specific criteria. For intermediate, poor, or uncertain qualitative classifications, a scan and quantitative assessment of the amount of radiotracer in the tail injection site should be performed to aid in determining whether the body small-animal PET scan is quantitatively accurate in measuring uptake of the radiotracer and response to treatment.
